To test the possibility that the Escherichia coli MutY or MutM protein acts as a 2-hydroxyadenine (2-OH-Ade) glycosylase, we treated double-stranded oligodeoxyribonucleotides containing 2-OH-Ade with the E. coli MutY or MutM protein in vitro. We found that a strand with 2-OH-Ade was a very poor substrate of MutY, irrespective of the base in the complementary strand. Moreover, a strand containing adenine or guanine opposite 2-OH-Ade was also rarely cleaved by MutY. The cleavage of oligonucleotides with 2-OH-Ade by MutM was not observed. These results indicate that neither MutY nor MutM plays an important role in the removal of 2-OH-Ade from DNA.
INTRODUCTION
The proteins that prevent the effects of oxidative stress are of great interest 1, 2) . Of these, Escherichia coli MutY and MutM proteins are thought to be important because they suppress mutagenesis caused by 8-hydroxyguanine (8-OH-Gua) in vivo 3, 4) . The MutY protein is a DNA glycosylase that removes A residues opposite G or C 5) ; another substrate for MutY is A paired with 8-OH-Gua 6) . The MutM protein is identical to Fapy (formamidopyrimidine) DNA glycosylase and 8-OH-Gua endonuclease, and removes oxidized purines as 8-OH-Gua, FapyGua, and Fapy-Ade [7] [8] [9] . The E. coli mutY and mutM genes were found to be mutator genes of a G•C T•A transversion 10, 11) . 2-Hydroxyadenine (2-OH-Ade) is an oxidized form of adenine that is generated upon treatment with Fenton-type reagents (Fe 2+ -EDTA and Fe 2+ -NTA) 12, 13) . The formation of 2-OH-Ade in DNA was observed in E. coli and mammalian cells 14, 15) . Oxidized dATP, 2-hydroxy-dATP (2-OH-dATP), is more mutagenic than 8-hydroxy-dGTP (8-OH-dGTP) in vivo 16) . 2-OH-dATP induces G•C T•A transversions, which are frequently found in reactive oxygen species-induced mutations, through the formation of 2-OH-Ade•G pairs [16] [17] [18] . Moreover, we recently found that the human MTH1 protein hydrolyzes 2-OH-dATP more efficiently than 8-OH-dGTP 19) . Thus, the repair of 2-OH-Ade in DNA as well as the removal of 2-OH-dATP from the nucleotide pool are of great interest.
The facts that 2-OH-dATP induces G•C T•A transversions in E. coli 16) and that the mutY and mutM genes are mutator genes of a G•C T•A transversion 10, 11) suggest the possibility that 
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Materials
T4 polynucleotide kinase was obtained from Toyobo. The MutY and MutM proteins were purchased from Trevigen Inc. Oligonucleotides with 2-OH-Ade and 8-OH-Gua were synthesized as described 20, 21) . All of the oligonucleotides were purified by reverse-phase and anionexchange HPLCs, as described previously 20) . The sequences of the oligonucleotides are upper strand 5'-GGTGGCCTGXCGCATTCCCCAA-3', lower strand 3'-CCACCGGACYGCGTAAGGGGTT-5', where X•Y are the targeted base pairs.
Enzyme reactions
5'-End labeling was carried out as described 20) . The MutY reaction mixture contained 20 mM Tris-HCl (pH 7.6), 80 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, 3% glycerol, 100 nM double-stranded oligonucleotides, and MutY (one unit is defined as the amount of enzyme required to cleave oligonucleotides containing an A•G mismatch at the rate of 100 fmol for one hr at 37°C). The MutM reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, 100 nM double-stranded oligonucleotides, and MutM (one unit is defined as the amount of enzyme required to cleave oligonucleotides containing an 8-OH-Gua•C pair at a rate of 100 fmol for one hr at 37°C). Reactions were stopped by the addition of a termination solution (95% formamide, 0.1% bromophenol blue, and 0.1% xylene cyanol). Samples were heated at 95°C for 3 min, and then applied to a 7 M urea, 20% polyacrylamide gel. Autoradiograms were obtained with a Fujix BAS 2000 Bio Image Analyzer.
RESULTS AND DISCUSSION
Oligodeoxyribonucleotides containing base pairs involving 2-OH-Ade were incubated with MutY. As controls, oligonucleotides containing A•T, A•G, and A•8-OH-Gua pairs were also treated. Figure 1 shows the results of a polyacrylamide gel electrophoresis analysis of the MutY reactions. The MutY glycosylase cleaved DNA fragments containing A•G and A•8-OH-Gua efficiently (lanes 2 and 3) . On the other hand, the excision activity for fragments with 2-OH-Ade (Table 1) . When the A•8-OH-Gua mismatch-containing oligonucleotide was incubated with 0.1 units of MutY, 31% of the fragment was excised. Thus, the activity of MutY for 2-OH-Ade•G was estimated to be less than 0.2% of that for A•8-OH-Gua. The MutY protein recognizes A residues opposite G, C, 8-OH-Gua, and 8-hydroxyadenine 5, 6) . Moreover, it was reported that MutY removed G opposite 8-OH-Gua 22) . Therefore, we investigated whether a strand with A or G opposite 2-OH-Ade was cleaved by the MutY protein. The MutY protein cleaved the strand with A opposite 8-OH-Gua very efficiently. The cleavage of the DNA fragment containing G instead of A opposite 8-OH-Gua was about 1/8 as efficient as that of A•8-OH-Gua (Table 1) . On the other hand, MutY cleaved the strand with A opposite 2-OH-Ade less efficiently than G•8-OH-Gua, and the excision of the G-strand of the G•2-OH-Ade duplex was rarely detected (Table 1) . Therefore, the DNA fragments containing 2-OH-Ade appeared to be very poor substrates of the MutY protein. This is in contrast to the situation of the mammalian homologue, MYH 23) .
We added an unlabeled 2-OH-Ade•G-containing fragment (10-fold excess) to a MutY reac- tion mixture containing the labeled A•G fragment. We observed that inhibition due to an excess amount of the 2-OH-Ade•G fragment was similar to that by the A•T fragment (data not shown). Thus, the affinity of the MutY protein for the 2-OH-Ade•G fragment was weak.
Next, oligodeoxyribonucleotides containing base pairs involving 2-OH-Ade were incubated with MutM. As controls, oligonucleotides containing 8-OH-Gua•C and A•T pairs were also treated. The cleavage of DNA fragments with 2-OH-Ade by MutM was not detected, irrespective of the base in the complementary strand, although MutM cleaved the oligonucleotide with 8-OHGua efficiently (data not shown). Thus, the MutM protein is not a 2-OH-Ade glycosylase.
It was shown that 8-OH-Gua adopts the syn conformation to form the A (anti)•8-OH-Gua (syn) base pair in duplex DNA 24, 25) . On the other hand, the formation of the A (anti) 27) . It was reported that the Gln-182 residue interacts with the N6-amino proton and with the N1-nitrogen. In this respect, the 2-enol (hydroxy) tautomer could fit in the A-binding pocket of MutY. On the other hand, the 1,2-dihydro-2-oxo tautomer may be excluded by an unfavorable interaction of the N1-imino proton with Gln-182. The 1,2-dihydro-2-oxo tautomer of 2-OH-Ade may be predominant, and this appears to be another reason for the rare cleavage of DNA with 2-OH-Ade. The E. coli MutT protein lacks hydrolyzing activity for 2-OH-dATP 19) , and the E. coli MutY protein showed very weak 2-OH-Ade glycosylase activity (this study), while the human homo-logues, the MTH1 and MYH proteins, have these activities 19, 23) . Thus, other sanitization and repair enzymes may exist in E. coli. Alternatively, E. coli cells do not possess the activities that remove 2-OH-Ade in DNA and 2-OH-dATP in the nucleotide pool. The formation of 2-OHdATP and 2-OH-Ade may be rare in wild-type E. coli, although the accumulation of 2-OH-Ade in DNA was reported in E. coli lacking both superoxide dismutases and a repressor of iron uptake 14) . In contrast, the formation of 2-OH-Ade in DNA was observed in mammalian cells 15) .
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